Effects of interface resistance asymmetry on local and non-local magnetoresistance structures 
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Spin injection and detection are very sensitive to the interface properties between ferromagnet and semicon- 
ductor. Because tlie interface properties such as a tunneling resistance can be chosen independently between 
the injection and detection sides, the magnetic transport properties are considered to depend on the asymmetry 
of the two interfaces. We theoretically investigate the effect of the asymmetric interfaces of the injection side 
and the detection side on both the local and non-local magnetoresistance measurements. The results show the 
magnetoresistance ratio of local measurement structure has its maximum at the symmetric structure, and the 
effect of the asymmetry is very weak for the non-local measurement structure. 



I. INTRODUCTION 

Since the successful detection of spin accumulation sig- 
nals in Si at room temperature (RT), electrical spin injec- 
tion and detection in semiconductors (SC) have been ac- 
tively studied^"— for realizing spin-based MOSFETsii^i.Up 
to now, spin injection and detection in Si have been achieved 
using hot-electron transporti, or spin-polarized tunneling^— . 
The electrical creation and detection of spin accumulation 
in n-type and p-type Si were recently demonstrated using 
FM/tunnel contacts^'^*'^ and FM/Schottky-tunnel-barrier con- 
tacts'" up to RT. Recently, we have also succeeded in ob- 
serving spin accumulation signals at RT by using epitaxially 
formed CoFe/AlOx?'! ' and CoFe/MgOiii»ii electrodes on Si- 
on-insulator substrates with Si (100) surfaces. In the case 
of CoFe/MgO electrodes, we have observed relatively large 
spin accumulation signals with relatively long spin relaxation 
times (t = 1.4 ns) at RTi^ii. For ferromagnet (FM)/SC 
systems, in general, spin injection and detection efficiencies 
strongly depend on the spin polarization of the used FM elec- 
trode, the interfacial quality, and the interface resistance be- 
tween FM and SC. In particular, insertion of an interface resis- 
tance using a tunnel barrier between FM and SC is a promising 
method for demonstrating highly efficient spin injection and 
detectioni^^. These indicate that it is better that the interface 
resistance of the injection side should be sufficiently high in 
order to solve the issue of conductance mismatch between the 
FM and the SC. Regarding the detection side, in order to pre- 
vent the refection of spin-polarized electron at the interfacOiSS, 
low interface resistance region might be better. Then, there 
arise questions such as (1) whether the injection resistance 
should be larger than detection resistance and (2) Is there any 
different correlation about the interface resistance asymmetry 
between local magnetoresistance (MR) setup and non-local 
MR setup? 

Here we theoretically study the effects of the interface re- 
sistance asymmetry between FM and nonmagnetic conductor 
(N) on the MR in both local MR setup (Fig. 1(a)) and non- 
local MR setup (Fig. 1(b)). Because both the spin injection 
and detection affect the spin-dependent transport properties, 
the symmetry of the device structure is considered to play an 
important role for the MR ratio. We extend the standard theo- 
ries by Fert et alM for the local MR measurement and Jedema 
et al^ for the non-local MR measurement, and derive the an- 
alytical formula for the asymmetric interface resistances. 



In §2, formulation of our model is presented. Section 3 is 
devoted to the analytical and numerical calculations and dis- 
cussions for the local measurement setup. The non-local MR 
measurement setup is investigated in §4. Finally, the conclu- 
sions are given in §5. We expect that these novel results will 
open a pathway for development of next-generation spin tran- 
sistors. 



II. FORMULATION 

The spin accumulation effect, the difference between the 
chemical potential of the up spin yU+ and that of down spin /i_ 
is described by the diffusion equationss£i2i. The relationship 
between the spin current density and Hs (s — ±) is given by 
Js - ^ -^Hs where cr, is a spin-dependent conductivity. The 
diffusion equation for the chemical potential is given by 



5^(jU+ - yU_) (yU+ - //_) 
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is an average spin diffusion length for F region (77 - F) and 
region (77 = A^). The boundary conditions at the interface 
(z = zo) are (1) spin current is continuous J±{Zq) - J+iz^) and 
(2) the chemical potential is continuous at the interface zo such 
as yu±(Zo) - /U+(Zo) = r+J+(zo). We also write p+ = 2[1 + /3]pf 
and p± = 2pN for the resistivity of the ferromagnet F and the 
nonmagnet A^. The important quantities here are rf s pflf 
and = pmIn- We consider the spin-dependent interface 
resistances (injection side) and rf (detection side) for a unit 
surface described by 



ri = 2,f[l+/], 



(3) 
(4) 



III. LOCAL MEASUREMENT SETUP 

Here we consider the effect of the asymmetric structure on 
the local measurement setup (Fig. 1(a)). In this case, Fert et 
ai— showed that there is an appropriate interface resistance 
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FIG. 1: Two geometries for aF/N/F structure, (a) Local measurement 
setupi^. (b) non-local measurement setupii. rj: and rf are spin (±) 
dependent interface tunneling resistances for a unit surface. 



condition of the injection side in which the MR ratio has a 
peak when there is an impedance matching ~ ri,. However, 
because they assume the symmetric structure, it was unclear 
the appropriate condition at the detection side. Thus we focus 
on the effect of the asymmetry of the device structure on the 
MR ratio. 

Following Refits, we assume the solutions of the diffusion 
equations for the left, middle and right electrodes. For ex- 
ample, ftL±{z) = (1 - 0^)epFJz + K\ ±{l± P)Ai^Hz) and 
Afi^iz) - K^e-^''' + K^e^-^''', where /? and J are a bulk spin 
asymmetry coefficient and the current that flows through the 
system, respectively. Kj^ (i = 1,2,3) is an unknown coeffi- 
cient to be determined by the boundary conditions. By the 
same procedure as that of Ref3, we obtain the resistance of 
anitiparallel (AP) configuration, r^p, and that of parallel (P) 
configuration, rp. The resistance change AR - vap - rp for 
Fig.l(a)isgivenby 



A7; = 



©0 



(5) 



where 



00 = [rp + {rl + ri)l2)co%HxNllN) 
+ (r^/2) [l + {rp + + r^)/4j sinh(x^/Z^). (6) 

Similarly, for a multilayer structure as Ref.— , we obtain 
lijir'^, + l}rF){yprl + prp) 



AR 



0, 



(7) 



where 



01 = (rp + (rt + rf)/2)cosh(xw//^) 
+ (r^/2)[l + {rp + r^)(rf + r«)/4 ] sinh(x^//^). (8) 

In Eqs.(|7]i and (O, we assume that thickness of F is much 
larger than Ip as in Ref.-". The MR ratio is defined by 
(rAP - rp)/rp. Fig. 2 shows the numerical result of Eq.(|7|i 
as a function of ri, and 6,- = (ff - f'f^)l''h for the case of 
JL - 7r ((a) and (b)) and that in which yp and yp change 
as ys = yo(l + 5,/2) and yp = yo(l - Sr/2) ((c)). For 
y^ = y^(Fig.2 (a)(b)), the MR ratio has its maximum when 
interface resistance is symmetric (r^ = rf). We can also see 
that the eff'ect of the asymmetry on the MR ratio is not large 
as long as the difference between rj-^ and rf^ is not large. Thus 



we can say that the impedance matching condition is also sat- 
isfied at the detection side. Fig. 2 (c) shows the case that yp 
and jR change with and rf. It can be found that the MR 
ratio increases as the asymmetry increases. Note that the min- 
imum structure at the symmetric point fj^ - rf, can be seen 
at yo > 0.7. Thus, this result says that the strong interface 
asymmetry coefficient y changes the magnetic properties of 
the system. 

Let us consider the effect of the asymmetry around the sym- 
metric point analytically based on Eqs.(|6]l and O. We con- 
sider the impedance matching region in which rh ~ » rp. 
Then rp can be neglected. In this region Eqs.® and ^ have 
the same form given by 



AR 



rb cosh w + ^ 



1 + 



(9) 



sinh jv 



where 



r^,^rbil+6b), r^, = rhil + 5b)y{l + 6r), (10) 
r^b^rb{l-Sb), r^, ^ nAl - 6b)y(l - 6r), (11) 

assuming 5^ <*: 1 and (5,. « 1. In particular, when r^i = r^,, we 
have 



AR 



2y\l-6j)rb{l-6l) 

, ,N 2-5; . , ,N 

cosh p- + —f^ sinh 



(12) 



Thus, AR has its maximum value at its symmetric point 

(6b ^0^ 6r). 



TV. NON-LOCAL MEASUREMENT SETUP 

Here we consider the effect of the asymmetric structure on 
the non-local measurement setup (Fig. 1(b)). Jedema et ai— 
showed the case of no interface resistances in Fig. 1(b). In case 
of the non-local measurement setup, we can also introduce the 
asymmetry of X2 and x^. We can also investigate the effect of 
distance between the voltage part and the current part. Here, 
the diffusion equations that we use here are the same as those 
in Ref.^: 



Je 2C ,./, 

o-p o-p{l ±13) 



(13) 



-—X ± —[Ee-'^'^ + Fe'^'"], (14) 



2D 



(Tp{\ ±/3) 



(15) 
(16) 
(17) 
(18) 



where A, B, C, D, E, F, H, K and G are unknown con- 
stants that are determined by boundary conditions. Regions 
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FIG. 2: MR ratios of the local measurement setup (Fig. 1(a)) as 
functions of the average interface resistance and the asymmetry 
rj;/rf. (a) n = Jr = 0.5. (b) n = Jr = 0.8. x„ = 250nm, (c) 
JR = ro(l + S,-/2) and = 7o(l - S,-/2) with 70 = 0.8. In = lyum, 
= 4.0 X lO-'nra', If = 5nm,b = 0.46, = 4.5 x lO^'^flra^ In 
(a), rj^/tf = 1 corresponds to Fig. 3 of Refi^. 



(I) and (VI) in Fig. 1(b) correspond to the injection and de- 
tection ferromagnetic contacts, respectively. Regions (II)-(V) 
correspond to the intermediate semiconductor regions. The 
electric current flows from the region (I) to the region (IV). In 
regions (III) and (V), spin polarized current flows while the 
electric current does not flow. Although in the general non- 
local measurement, there is a finite distance between the re- 
gion (II)-(IV) and the region (III)-(V), as long as we consider 
the magnetic properties, the interface between the semicon- 
ductor and the ferromagnetic contacts play the intrinsic role. 
Therefore we apply the cross structure depicted in Fig. 1(b). 

The resistance change, AR - r^p - rp - -2B/(eJS), where 
S is the cross-sectional area of the nonmagnetic strip, is ob- 



FIG. 3: (a) Spin current polarization at the interface of injection 
(region I) and (b) spin dependent resistance at the interface of de- 
tection (region VI) for the non-local measurement setup (Fig. 1(b)). 
X2 = xs = 250nm, /a, = lyum, = 4.0 x 10^'Qm^, If = 5nm, 
b = 0.46, Ff = 4.5 x lO^'^flm^. In (b), cross sectional area 5 = I is 
assumed. 

tained by 

^_r^ 4[rF/3 + (1 -/?^)r^,][rf/j + (1 - /3\!;,] 
S 2B'iB\b2bi-BlB'ibilb2-B'-^B%2lb5 

where b2 — g-*-^'", b^ - e*'5/'«, rf^ - elMjcTf^, rp = elp/crp, 
C = '"iTff, and 

Bi = [r^±r^,](l-/3^)±rp, (20) 

Bl = [rN±rf](l-p^)±rp, (21) 

with a = L,R. For the symmetric case, this equation is re- 
duced to that of Refisi. 

The spin current polarization at the interface of the current 
injecting contact is given by P = (J+ - J-)/(J+ + y_) and we 
have 

^ _ [(1 + 2bl)B%/b2 - B^_b2/b5][rF/3 + (1 - /3^)ri,] 
2BlB';b2b5 - BlB^_bslb2 - B^B%2lbs 

When Vj, - 0, this result coincides with Eq.(15) in Refi^. 

Fig. 3 shows the calculated P ((a)) and A/?((b)). Compared 
with Ref.^, we can see that the interface resistance Eq.© 
enhances P and AR such that P and AR are saturated as 
increases^. As can be seen from these figures, the effect of 
the asymmetry of the left and the right tunneling seems to be 
small. Now let us analyze the AR and P around their sym- 
metric point. Because Eq.(fT9]l is symmetric regarding the 
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and r^, it is easily inferred that the symmetric point r^^ = 
will correspond to a maximum or minimum point similar to 
the local measurement case (Fig. 1(a)) when X2 - x^. Because 
» rf, we can neglect rf in Eq.(fT9]l. By using Eqs.(fTOt and 
(fTTl i. for rt, » /"iv, we have 



A/? 



When ri, <K r/v 



A/? 



S {bs cosh r + ^2 cosh ^) ' 



Sr^ib^, sinh + /^i sinh ) ' 

^ In ^ In' 



(23) 



(24) 



These quantities have their maximum values at 6b ~ and 
6r ~ 0. Thus, the MR is found to have their maximum at the 
symmetric point. Similarly when r/v » r/,, we have 



bob 



205 



sinh ^ 

•N 



bs sinh ^ + ^2 sinh rj^ 



1 + 



2bl{2 ■ 



1 



(25) 



Thus, in this region, as b2 decreases (x2 decreases) and bs 
increases (X5 increases), P increases. However, because r^^ » 
Kb, the absolute value of P is small such as P ~ r^,JrM 1. 
When <s: rb 



bobs 



■ cosh ^ 



/75 cosh +b2 cosh ^ rf 

In In b 



7- 



(26) 



Thus, for «: P is determined only by y. The effect of the 
asymmetry can be neglected in this region. Thus, in contrast 
with the local measurement setup, we can see the effect of 
asymmetry only in the region r^f » r^. 

Next we investigate in what region the asymmetry affects 
the spin polarized current. Fig. 4 shows P for r^/r^ + 1 
when X2 changes. We can see that the large asymmetry shifts 
the impedance matching points. In addition, P for < r\ 
(r^ = 2rf) is better than that for > rj; (rj; - 0.05r^). This 
result shows that, as noted in the Introduction, low interface 
resistance is better in the detection side (R). Fig|5](a) shows 
the results when the length of the nonmagnet is as short as the 
spin diffusion length such as X2 = X5 - 8nm and If = 5nm. 
We can see that the effect of the asymmetry becomes remark- 
able for rb < r^. This is because the distance between the 
left and the right junctions is small and the effect of the two 
junctions is sufficiently strong. On the contrary, the resistance 
change AR/r^ (Fig|5](b)) again does not strongly depend on 
the interface asymmetry. 



V. CONCLUSIONS 

We studied the effects of the interface asymmetry between 
ferromagnet and nonmagnet on the spin-dependent transport 
properties for both the local and non-local measurement se- 
tups, based on diffusion equations. We showed that the MR 
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FIG. 4: Spin current polarizations for rj-Ji-f t I. X2 = X5 when X2 
changes for the non-local measurement setup (Fig. 1(b)). 
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FIG. 5: (a) Spin current polarization at the interface of injection 
(region I) and (b) spin dependent resistance at the interface of de- 
tection (region VI) for the non-local measurement setup (Fig. 1(b)). 
X2 = X5 = 8nm, In, = Irn^m, r^i = 4.0 x lO^'flm^, If = 5nm, 
b = 0.46, rf = 4.5 x lO^'^flm". In (b), cross sectional area 5 = 1 is 
assumed. 



ratio has its maximum value at the symmetric structure of 
the conventional case of -yi - Jr for the local measurement 
setup. For the non-local measurement setup, both the resis- 
tance change and the spin current polarization monotonically 
increase and saturate as the interface resistance increases, 
even if there is the interface asymmetry. In particular the re- 
sistance change and the spin current polarization is affected 
by the interface asymmetry only below the impedance match- 
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ing region. We can conclude that, as long as the asymmetry is 
not large, spin-dependent transport properties are not strongly 
affected by the asymmetry of the interface resistance for the 
non-local measurement setups. 
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